Abstract-A new simple model of porphyrin ring current effect was proposed based on a line current approximation. It can reproduce the porphyrin-induced shifts for several Sn(IV)(tpp) and Sn(IV)(oep) dicarboxylate complexes quite satisfactorily. Perpendicular arrangement of the aromatic rings in the diaromatic-carboxylate complexes of Sn(IV)(tpp) and Sn(IV)(oep) was clarified with this porphyrin ring current effect model. There are two structures, exo and endo, in solution in dinaphthalene-1-and 2-carboxylate complexes of Sn(IV)(tpp) and Sn(IV)(oep). The exo conformer is in dynamic equilibrium with the endo form in solution. Thermodynamic data of these conformational equilibria are given.
Introduction
Determination of significantly populated conformers in extremely flexible molecules is a matter of long-standing interest. Although the X-ray crystallographic analysis is one of the most promising methods to know the precise structure, it provides only a limited number of structures in the solid state. On the other hand, NMR spectroscopy affords much useful information for not only the structures in solution but also the dynamic equilibrium between them. Freezing the conformational equilibrium, the common method for analysis, is often not experimentally attained in highly flexible molecules. It is well known that NMR chemical shifts reflect molecular structure. Hence, variation in the local environment affects chemical shieldings, and the change in chemical shifts of nuclei caused by adjacent substituents provides valuable information about the relative arrangement of the nuclei with respect to these nearby substituents.
1 From this point of view, we have developed an efficient method for conformational analysis by using chemical shift simulation method. 2 The chemical shift changes caused by secondary induced magnetic fields due to aromatic ring current have proven effective for this purpose. We have developed a new simple model of porphyrin ring current effect 4 and have succeeded for the conformational analysis of dinaphthalene-1-carboxylate complex of Sn IV (tetraphenylporphyrin). 5 In this paper we report a full account of the conformational analysis of several dicarboxylate complexes of Sn IV (porphyrin), including the construction of the model of porphyrin ring current effect.
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Results and Discussion
To construct a model of porphyrin ring current effect, the established geometries of the compounds having the known induced shift values caused from porphyrin ring current effect are necessary. We utilized several dicarboxylate complexes of Sn IV (tetraphenylporphyrin), [Sn IV (tpp)] 6 and Sn IV (octaethylporphyrin), [Sn IV (oep) ]. The structure of dibenzoate complex of Sn IV (tpp) in the crystalline state has been reported, 7 however, that of adamantyl-1-carboxylate complex is not known. Moreover, since it is known that the structure obtained by an X-ray crystallographic analysis has lesser positional accuracy of protons than that of heavier elements, density functional theory (DFT) calculations (at the B3LYP/LANL2DZ level of theory) were carried out to have precise geometries of these compounds. 8 The structures of dicarboxylate complexes of Sn IV (tpp) thus obtained have common characteristic features; 1) the orientation of the carboxylate plane (O-C=O), with respect to the porphyrin ring, 2) small tilting of Sn-O bond from the vertical axis of the porphyrin plane, 3) up-ward bending of one of the four peripheral phenyl rings from the porphyrin plane to have a close proximity to the carbonyl oxygen of a ligand.
Structure of dibenzoate complex of Sn IV (porphyrin)
In the crystalline state, the carboxylate plane (O-C=O) of 1 is roughly perpendicular to the porphyrin ring and has eclipsed arrangement with respect to the line connecting the two diagonal meso carbon atoms on the porphyrin ring. The eclipsed arrangement is common in several dicarboxylate complexes of Sn IV (tpp) in the crystalline state. 7, 9 The benzene ring of 1 is not perpendicular to the porphyrin plane and leans ca. 25° from the normal of the plane. Similar angle of bending of the benzene ring from the porphyrin plane was observed in m-hydroxy benzoate complex. 7 By contrast, the benzene ring of the calculated structure of 1 is perpendicular to the porphyrin plane (Figure 1 ). The carboxylate plane, which is almost identical to that of the benzene is roughly eclipsed with respect to the line connecting the two meso carbons on the porphyrin ring. The Sn-O bond is not completely perpendicular to the porphyrin plane, as indicated by small deviations from right angle; N-Sn-O angles (92.4, 92.0, 87.6, 88.0°) . Since the C-C bond connecting the phenyl and carboxylate groups is not parallel to the Sn-O bond, the two ortho aromatic protons of the benzoate are not equidistant from the porphyrin plane. One peripheral phenyl ring on the porphyrin, which is the closest to the carbonyl oxygen of the benzoate, bends upward to a detectable extent. A similar upward bending of the phenyl ring closest to the carbonyl oxygen was found in dicarboxylate complexes of Sn IV (tpp) in their crystalline state. 7, 9 The upward bending of the phenyl ring should be a result of an attractive interaction between the electronegative carbonyl oxygen and the ortho proton of the phenyl ring. 10 The diagonal phenyl ring on the porphyrin bends downward to have close proximity to the corresponding carbonyl oxygen of the trans benzoate. By contrast, two proximal phenyl rings bend neither upward or downward at all. Further supports of the attractive interaction can be found in the dihedral angles between the peripheral phenyl and porphyrin rings. While the two proximal phenyl rings rotate from the perpendicular position by 20°, the upward bent ring has smaller rotation angle (10°) to have a small distance from the carbonyl oxygen to the ortho proton of the phenyl ring. In the octaethyl porphyrin, orientation of a methyl group of each ethyl moiety can be up (u) or down (d) from the porphyrin ring. Inspection of the Cambridge crystal data base 11 suggested that an arrangement of the ethyl groups in uuuudddd fashion is the most frequently found one. From this reason, we employed this arrangement for the calculation of the structure of the complexes. The structural characteristics found in 1 except the up-word bending of a peripheral substituent are also seen in the calculated structure of the dibenzoate complex of Sn IV (oep) 2 ( Figure  2) . A similar perpendicular arrangement of the benzene plane with respect to the porphyrin ring was obtained. The carboxylate plane, which is nearly identical to that of the benzene, is again roughly eclipsed with respect to the line connecting the two meso carbons on the porphyrin ring. The structural characteristics found in 1 are also found in the calculated structure of diadamantyl-1-carboxylate complex of Sn IV (tpp) 3 (Figure 3 ). Small tilting of Sn-O bond from the vertical axis of the porphyrin plane was observed, as indicated by N-Sn-O angles (92.1, 91.8, 87.9, 88 .2°). The carboxylate plane has roughly eclipsed arrangement with respect to the line connecting the two meso carbons on the porphyrin ring. The upward bending of the phenyl ring closest to the carboxylate is also observed. The dihedral angles between the peripheral phenyl and porphyrin rings indicate more clearly the attractive interaction. While the two proximal phenyl rings rotate from the perpendicular orientation by 20°, the upward bent ring has almost perpendicular arrangement; the rotation angle is only 2°. The tilting of Sn-O bond from the vertical axis of the porphyrin plane is conspicuous in the calculated structure of diadamantyl-1-carboxylate complex of Sn IV (oep) 4, as can be seen in N- 93.7, 85.0, 86 .0°) (Figure 3 ). The eclipsed arrangement of the carboxylate plane with respect to the line connecting the two meso carbons on the porphyrin ring was also observed in this structure.
Construction of a model of porphyrin ring current effect
Many models of porphyrin ring current effect have been reported since the first report of the NMR spectra of porphyrins by Becker and Bradley. 12 Our new model is based on a classical line current approximation as discussed originally by Salem. 13 In this simple model, the secondary magnetic field at a given proton is calculated on the assumption that the line current flows exactly through the C-C and C-N bonds of porphyrin ring. The field (H') due to the current flowing in a polygon is a sum of contributions from the edges. The magnitude of the contribution of a particular edge AB at a point P is
where J is the line current and c is the velocity of light ( Figure 4 ). In order to have induced shifts caused by the porphyrin ring current effect, estimation of the magnitude of the line current has to be given correctly. To construct the model of porphyrin ring current effect, the established geometries of the compounds having the known induced shift values caused from porphyrin ring current effect are necessary. The chemical shift differences between the free carboxylic acid and its Sn(IV) porphyrin complex are mainly caused from two factors; complexation shift and ring current effect. It is known that the complexation shifts are negligibly small at points other than close to the site of complexation in saturated ligands. 12g In 3 and 4, the protons closest to the site of complexation are five bonds apart from the metal atom. Hence, the effect of the complexation shift on all the protons should be negligibly small. Similar treatment was applied to the case of the aromatic ligands, although an aromatic ligand has significant effect of the complexation shift.
12g Our current loop model is similar to that of Abraham's one. 12b In this model a current running along the two C-C bonds passing through a meso position separates into two (i 1 , i 2 ) at an α-position of a pyrrole ring ( Figure 5 ). We employed the Abraham's ratio (i 1 /i 2 = 2.146) of the two currents. We can estimate the magnitude of the line current of outer and inner arcs of the pyrrole ring (i 1 = 0.87i B , i 2 = 0.41i B , where i B is the line current of benzene ring 2a ) to reproduce the ring current shift values of 1, 2, 3, and 4. Table 1 gives the observed and calculated ring current shifts in 1, 2, 3, and 4. The root mean square (rms) error is satisfactorily small (0.069 ppm). Excellent correlation of these data is obtained in a linear regression analysis [14 data (range Successful reproduction of the ring current induced shifts of the aromatic ligands in 1 and 2 with the same line current to the one which reproduced the ring current shifts of the saturated ligands quite satisfactorily suggested clearly that our assumption of the negligible contribution of the complexation shift on the aromatic ligand is valid in these complexes. The contour maps of the induced shift values caused from the porphyrin ring current effect are given in Figure 6 together with those of tetraphenylporphyrin. The latter is a simple sum of the shift values caused from the porphyrin ring current effect and those from the four peripheral benzene rings. 
Structures of dinaphthoic-1-carboxylate complex of Sn IV (tpp) 5
In order to know the structure of 5 in the crystalline state, an X-ray crystallographic analysis of 5 was carried out.
14 As can be clearly seen in Figure 7 , the naphthalene ring of 5 is perpendicular to the porphyrin ring. The carboxylate plane of 5 is also perpendicular to the porphyrin ring and has roughly eclipsed arrangement with respect to the line connecting the two meso carbons. However, the naphthalene plane has roughly eclipsed with respect to the line connecting the two diagonal porphyrin nitrogen atoms. The small tilting of Sn-O bond from the vertical axis of the porphyrin plane was also found in this structure (N-Sn-O angles: 95.9, 92.2, 84.1, 87.8°). Also seen in this structure is the up-ward bending (11.2°) of one of the peripheral phenyl rings from the porphyrin plane, which is closest to the carbonyl oxygen of the ligand. Since the aromatic ring of naphthalene-1-carboxylic acid is not symmetrical with respect to the arene carbonyl C-C pinched bond, two orientation of the naphthalene ring is possible. One is the orientation found in the crystal and the other is that obtained by 180° rotation around the C-C bond. The DFT calculation showed that the latter is also the energy minimum on the potential energy surface. The naphthalene ring of the latter conformer is perpendicular to the porphyrin ring. The carboxylate plane is also perpendicular and has roughly eclipsed arrangement with respect to the line connecting the two meso carbons. In this conformer, the dihedral angle between the naphthalene and the carboxylate planes (2.3°) is smaller than the former conformer. The small tilting of Sn-O bond from the vertical axis of the porphyrin plane was also found in this structure (N-Sn-O angles: 93.2, 93.0, 87.2, 87.6°). Small but prominent up-ward bending of one of the peripheral phenyl rings from the porphyrin ring (3.1°) was also found in this conformer.
Conformational analysis of 5 in solution
Two conformations, 'vertical' and 'horizontal', were proposed for the structure of aromatic carboxylate complex of Sn IV (tpp). 6 In order to elucidate the structure of 5 in solution, NMR measurements of 5 at various temperatures were carried out. At room temperature two prominent signals were found at 5.29 and 4.47 ppm. These are assigned to H 2 and H 8 , respectively and are both significantly up-field shifted from the corresponding proton of the naphthalene carboxylic acid. When lower the temperature the former shifted to the lower and the latter to the higher magnetic fields (Figure 8 ). This suggested that at least two conformers are in equilibrium in solution, however, it is difficult to identify how many conformers are contributing to the equilibrium because neither signal separation nor extensive signal broadening was detected down to -60 °C. The DFT calculation disclosed that two conformers (exo, endo) are possible for 5 ( Figure 9 ). In order to determine the relative ratio of the two conformers in solution, the chemical shift changes caused by the porphyrin ring current was found to be very informative. Before determining the relative ratio of the two, the theoretical induced shifts of the naphthalene protons of the two DFT structures were estimated by the calculation of the porphyrin ring current effect, and they are shown in Table 2 . The relative ratio of the two conformers is temperature dependent and the temperature variation of the relative ratio is shown in Table 4 . From this analysis, it is found that the two conformers are in dynamic equilibrium in solution; the free energy difference between the two conformers at a given temperature was obtained. Thermodynamic parameters of the equilibrium of the two conformers (ΔH endo-exo = 1.08 kcal/mol, ΔS endo-exo = 2.5 cal/mol•deg) were obtained by van't Hoff plot analysis.
Structure and conformational analysis of dinaphthoic-1-carboxylate complexes of Sn IV (oep) 6
DFT calculations of dinaphthoic-1-carboxylate complex of Sn IV (oep) 6 were carried out for both the exo and endo conformations (Figure 10 ). The general structural characteristics found in 5 are also seen in the calculated structures. The perpendicular arrangement of the naphthalene plane with respect to the porphyrin ring was obtained. The carboxylate plane is again perpendicular to the porphyrin and roughly eclipsed with respect to the line connecting the two meso carbons on the porphyrin ring. While the naphthalene plane in the endo structure is almost identical to the carboxylate plane that of the exo structure has rotated from the carboxylate plane by 14.8°. The small tilting of Sn-O bond from the vertical axis of the porphyrin plane was also found in these structures exo: 93.1, 92.9, 86.9, 87.1°, endo: 92.9, 92.9, 87 .1, 87.1°). As in the case of 5, the 1 H-NMR spectra of 6 are temperature dependent. At room temperature two prominent signals were found at 4.42 and 4.74 ppm. These are assigned to H 2 and H 8 , respectively and are both significantly up-field shifted from the corresponding proton of the naphthalene carboxylic acid. Excellent agreement of the calculated induced shifts with those of the observed was given when both of the conformers are present in the solution in a 48:52 (exo:endo) ratio at room temperature. The theoretical induced shifts of exo and endo conformers are given in Table 5 . Table 6 gives the observed and calculated ring current shifts in 6. 
Structures and Conformational analysis of dinaphthoic-2-carboxylate complexes of Sn IV (tpp) 7
DFT calculation of dinaphthoic-2-carboxylate complex of Sn IV (tpp) 7 was carried out for the exo and endo conformers ( Figure 11 ). The structural characteristics in dicarboxylate complex of Sn IV (tpp) are found both in exo and endo structures. The perpendicular arrangement of the naphthoic-2-carboxylate plane to the porphyrin ring was observed with the eclipsed arrangement with respect to the line connecting the two meso carbons of the porphyrin ring. Up-ward bending of one of the peripheral benzene rings (5.5°, both of the structures) was again observed in the calculated structures. The small tilting of Sn-O bond from the vertical axis of the porphyrin plane was also found in these structures exo: 92.4, 91.7, 87.6, 88.3°, endo: 92.3, 91.9, 87.7, 88 .1°). The theoretical induced shifts of the naphthalene protons of the two DFT structures were estimated by the calculation of the porphyrin ring current effect and are shown in Table 7 . Excellent agreement of the calculated induced shifts with those of the observed was given when both of the conformers are present in the solution in a 61:39 (exo:endo) ratio at 25 °C. Table 8 gives the observed and calculated ring current shifts in 7. The root mean square (rms) error is again satisfactorily small (0.061 ppm). Excellent correlation of these data is obtained in a linear regression analysis [7 data (range of the observed shift, 0.44 -3.46 ppm) Δδ obs = a•Δδ calc ; a = 1.009, R 2 = 0.998]. Contrary to the case of 5, the 1 H-NMR spectra of 7 in CDCl 3 did not show sizable temperature dependence down to -60 °C. The maximum shift difference (-0.05 ppm) from room temperature to -60 °C is found on H 4 , H 5 , and H 7 ; hence, the temperature variation of the ratio of the two conformers is negligibly small in this case.
Structure and conformational analysis of dinaphthoic-2-carboxylate complexes of Sn IV (oep) 8
DFT calculations of dinaphthoic-2-carboxylate complex of Sn IV (oep) 8 were carried out for both the exo and endo conformations (Figure 12 ). In these structures, naphthalene-2-carboxylates are planar and have perpendicular arrangement to the porphyrin ring. The naphthoic-2-carboxylate planes in these conformers are eclipsed with respect to the line connecting the two meso carbons on the porphyrin ring. The theoretical induced shifts of the naphthalene protons of the two DFT structures were estimated by the calculation of the porphyrin ring current effect and are shown in Table 9 . As in the case of 7, the 1 H-NMR spectra of 8 in CDCl 3 does not show sizable temperature dependence down to -60 °C. The maximum shift difference from room temperature to -60 °C (-0.07 ppm) is found on H 4 ; hence, the temperature variation of the ratio of the two conformers is negligibly small in this case.
Solvent effect
The dynamic equilibrium of the exo and endo conformers is observed in both the dinaphthoic-1-and 2-carboxylate complexes of Sn IV (porphyrin). In the case of 5, the relative ratio of the two conformers showed extensive temperature dependence in CDCl 3 . In order to have information about the effect of the solvent on the dynamic equilibrium, the similar conformational analyses in different solvents were carried out (Table 11 ). 
Conclusion
A new simple model of porphyrin ring current effect was given based on a classical line current approximation. It can succeed to reproduce the porphyrin-induced shifts caused from the ring current effect for several Sn IV (porphyrin) dicarboxylate complexes. The successful reproduction of the porphyrin-induced shifts by using the same ring current effect for both aromatic and aliphatic ligands clarified that the complexation shift has negligible contribution to the induced shifts of the aromatic ligands. Thus, the porphyrininduced shifts are caused from the ring current effect of the porphyrin ring. The porphyrin-induced shift values for the ligands in Sn IV (tpp) dicarboxylate complexes are a simple sum of the shift values caused from the porphyrin ring current effect and those from the four perpendicular benzene rings. By contrast, those for the ligands in Sn IV (oep) dicarboxylate complexes are just from the porphyrin ring current effect, suggesting that ethyl groups on the porphyrin ring give no effect on the ring current effect.
In the DFT structure of dibenzoate complex of Sn IV (porphyrin), the C-C bond connecting the phenyl and carboxylate groups is not perpendicular to the porphyrin, giving two discrete calculated induced shift values for the two ortho aromatic protons. Since the observed induced shift value of the ortho proton can be reproduced nicely with the simple average of the two calculated vales, the rotation around the C-C bond connecting the phenyl and carboxylate groups is fast enough on the NMR time scale. Similar fast rotation was observed in every dicarboxylate complexes of Sn IV (porphyrin). In the case of Sn IV (porphyrin) complexes of asymmetric aromatic carboxylate such as 1-Napathoic acid, DFT calculations gave two conformers by the rotation of the C-C bond connecting the naphtyl and carboxylate groups. The relative ratio of the two conformers was estimated by their calculated chemical induced shifts. The ratio is dependent on the temperature. The thermodynamic parameters of the conformational equilibrium were obtained by analyses of variable temperature 1 H NMR experiments. Thus, we have found that the ring current induced chemical shift changes of ligands are useful for the structure elucidation and conformational analysis of metalloporphyrin complexes in solution, and that the ring current induced shift values give highly reliable knowledge about the structure.
Experimental
General procedures
The 1 H and 13 C NMR spectra were recorded with a JEOL-ECA 600 and JEOL-Lambda 500 NMR spectrometer at 600 and 500 MHz ( 1 H NMR) and 150 and 125.65 MHz ( 13 C NMR). All NMR experiments were obtained using the standard pulse programs and sequences. The mass spectra were taken with a Simadzu MALDI-TOFMS AXIMA-CFR plus at the Instrument center for Chemical Analysis, Hiroshima University. 4.1.1. Dihydroxo(5,10,15,20-tetraphenylporphyrinato)-tin(IV). This compound was prepared by using the reported proccedure. Dihydroxo(2,3,7,8,12,13,17,18-octaethylporphyrinato)tin(IV) . 2,3,7,8,12,13,17,18-octaethylporphyrin (64.7 mg, 0.12 mmol) was dissolved in pyridine (10 ml) and tin(II) chloride dihydorate (254.4 mg, 1.22 mmol) was added and the mixture heated to reflux for 9 h. Excess water was added to precipitate the product which was the filtered, washed with water. Potassium carbonate (200 mg, 1.45 mmol) and the product were dissolved in a mixture of tetrahydrofuran (40 ml) and water (10 ml) and heated to reflux for 6 h. The organic solvent was removed and the aqueous layer was extracted with dichloromethane. The organic layer was washed with water and then dried over anhydrous sodium sulfate, filtered and then the solvent was removed to give the crude product, which was recrystalized (hexane-dichloromethane 1 : 1) to give dihydroxo (2,3,7,8,12,13,17,18-octaethylporphyrinato 
General Method of NMR Experiment.
Tin porphyrin (0.003 mmol) was added to a solution of carboxylic acid (0.01 mmol) in CDCl 3 (1.0 ml). The mixture was sonicated at room temperature for 1 h. After 24 h, chemical shifts of dicarboxylate complex of Sn IV porphyrin were measured.
